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1.0 INTRODUCTION 

In a wind tunnel driven by a Ludwieg tube (Ref. 1), the air in the wind tunnel 
and tube is initially compressed to a desired charge pressure. Flow is initiated by breaking 

a diaphragm, or quickly opening a valve, located downstream of the test section. As the 

air is released, an expansion wave is created and travels upstream to the closed end of 
the tube where it is reflected and returned to the contraction section at the downstream 

end. Due to viscous effects in the airflow generated by the expansion wave, a boundary 
layer is formed whose thickness increases with time. During this excursion of the expansion 
wave, the stagnation pressure of the central core of flow through the wind tunnel is 
essentially constant until the thickness of the boundary layer at the downstream end of 
the tube approaches the radius of the tube. Thus, the useful run time for the Ludwieg 
tube wind tunnel depends upon the initial air temperature which determines the velociW 
of the head of the expansion wave, the length of the tube which is traversed by the 
expansion wave, and the diameter of the tube which determines the velocity of the air- 
flow and relative to which the boundary-layer thickness eventually becomes critical. 

Shortly after the conception of the tube wind tunnel, calculations of the growth 
of the boundary layer were made by E. Becket, (Refs. 2 and 3). Values calculated by 

Becket's method, however, considerably underestimated the boundary-layer thicknesses 
obtained experimentally in a pilot tunnel as shown in Fig. 1, which was presented in 

~ 2 .2 -  
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~ 1.6 
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"~ 1.2 
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Figure  1. Charge  t u b a  b o u n d a r y - l a y e r  thickness.  
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Ref. 4. In this figure, the Reynolds number is based on the distance Ax between the 

head of  the expansion wave and the measuring station. Data are presented for two times, 

when the length of  the expansion wave AW (head to tail) was about 55 and also about 

75 percent of  Ax. Three values of  charge pressure P4 are indicated. 

Scrutiny of  Becker's procedure indicated three categories in which modifications could 

be made to improve its correlation with the experimental data: the use of a skin-friction 

law and boundary-layer velocity-distribution which are more accurate a t  high Reynolds 

number; treatment of  the momentum equation as axisymmetric instead of two-dimensional; 

and calculation at a specified location other than at the origin of  the centered expansion 
wave. The latter is particularly important for a transonic wind tunnel utilizing a plenum 

chamber surrounding a porous-wall test section because the establishment of  steady-state 

conditions in the test section determines when the tail of  the expansion wave starts 
upstream through the Ludwieg tube. 

When Becker's procedure was so modified, the results in~iicated as the AEDC-VKF 
improved method in Fig. 1 were obtained. The improvement in correlation with data from 

the pilot tunnel was considered to be sufficient to warrant the use of  the' modified method 
in any future applications. 

2.0 THEORY OF OPERATION 

The principle of  operation can be described with the help of  the. wave diagram of  

Fig. 2. This diagram differs from the usual diagram which considers the diaphragm to 

be located at the downstream end of  the tube. In the practical case of  a transonic wind 

tunnel, the diaphragm or start valve is located downstream of  the test section. When flow 

is initiated, the expansion wave travels upstream. The velocity of  the head of the wave 

is the speed of  sound ao at the temperature of  the charge air. The velocity of  the air 

leaving the . tube  ul is determined by the ratio of  the tube area to the area where the 
flow is sonic. 

~+1 
Atube l ( ~ 1  "/-1 2/2(~,.1 ) 

A* - MI + ~ ' ~  MI (1) 

and 

M1 = Ul/al  (2) 

The velocity of  sound, a l ,  in the air, after the flow is estabfishe'd, is related to ao. 

/(, ,-, ,) 
al/ao = 1 + " - 7  M (3) 
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I.o  
7=0 

- - - - -~  u1 
i 

-~- Location of Data :r/1 
from Calculations 
and Experiments 

ao ! 

x 

Figure 2. Characteristic diagram of expansion wave. 

The velocity of  the tail of  the wave is al - ul ; thus, the length of  the expansion 
wave increases with time. The wave length is approximately linear with time after the 

wave is completely in the charge tube. For siml~licity, it is also shown in Fig. 2 as linear 

downstream of  the charge tube by extending the lines denoting the head and the tail 

of  the wave until they meet at an effective location of  the origin of  the expansion wave. 

In the actual case of a porous-wall transonic test section, some time is spent in establishing 

steady-state conditions in the test section and plenum chamber. This in turn produces 

a noncentered wave process in the charge tube. The start time indicated in Fig. 2 is defined 

as the period of  time during which the pressure at the end of  the charge tube decreases 

from its charge value P4 to the value of PI following the passage of the tail of  wave, 

where 

2~ 
PI/P4 = (al/ao) ~ .  1 (4) 

From a knowledge of  the start time, either from measurement or estimate, the effective 
time and position at which the wave length is zero can be determined. 

In the development of the boundary-layer calculation, Becker solved the momentum 

equation twice: once for the growth of  the boundary layer within the expansion wave 
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and again for the growth of  the boundary layer behind a fictitious concentrated wave 

of  zero length moving at a velocity V intermediate between the velocities at the head 
and tail of  the actual expansion wave. The value of  this velocity was found by fmding 

the distance behind the fictitious wave at which the boundary-layer thickness was the 
same as that at the tail of  the expansion wave from the first solution. Becket introduced 

the variable ¢1, where 

x 
= 1 - aot (5) 

and ¢/ varies from 0 at the head of  the ,expansion wave to t71 at the tail and 

'y+, /(~ 'y-I ) 
71 - 2 MI + - ' ~  MI (6) 

When Becket matched his boundary-layer solutions, he obtained a relation between V 

and Ul (or ao). When his relationship is expressed in a series on powers of  ~ l ,  it can 
be shown that 

Vlao = 1 - 27113 (7) 

is sufficiently accurate for practical values of  ~/1 up to about 0.45 and is independent 
of  the choice of  velocity profile exponent and friction coefficient law since these are 

contained only in the negligibly small coefficients of 1712 and higher powers of  rh .  In 

the subsequent development of  the modifications to improve the correlation of theory 
with experiment, it is assumed that this relationship, Eq. (7), is accurate inasmuch as 
only the flow behind the fictitious concentrated wave is considered. 

3 .0  M O M E N T U M  E Q U A T I O N  

The time-dependent momentum equations for internal tube flow is adapted from 
Re f. 5 as 

Ul ~ I6  (1 " r'~) (.0- P l )dy + "~" t (PlUl~1) + 
0 

aul a 
~Y DIUI~I + W (PlU1201) = 1"w (8) 

= f ~  pu 
o 

(9) 

P~Ul II "'~) dy (10) 
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61 = 6* - 6"2/2r (11) 

01 = 0 02/2r (12) 

The quantities, 81 and 01, may he considered to be the displacement and momentum 

thicknesses when the boundary-layer thickness is small with respect to the radius of the 

tube. When the boundary-layer thickness is not small relative to the radius, the true values 

of 8" and O, obtained from mass-defect and momentum-defect considerations must be 

used to assess their effects on the flow but 81 and 01 are still used in Eq. (8). Becker 

did not use the (1 - y/r) term in Eq. (8), (9), or (10), in which case Eq. (8) reduces 

to the two-dimensional form. In Ref. 1, Becket omitted the first term of Eq. (8). In 

Ref. 2, he included this term and also included the effects of compressibility and heat 

transfer on the ratio of P/Pl within the boundary layer and upon the friction coefficient, 

and obtained essentially the same result (within about one percent) as for the 

incompressible case, at least for the usual conditions of operation "of a Ludwieg tube. 

The momentum equation can be simplified if it is assumed that the free-stream values 

of ul and Pl are independent of time and a definition is added 

p* =f' (l -Y)(-~--l)dy (13) 
0 

Also, in Eq. (8) the direction of x is positive in the direction ul, but for the present 
purpose x is positive in the direction of wave propagation. Then 

1 a aSl Tw Cf 
(P* + 81) - - (14) 

Ul at ax PlUl 2 2 

It is assumed that the ratio (p* + 61)/81 is relatively independent of time. Then 

P* + 61 a01 a01 Cf 

01 Ul at ax 2 
(15) 

This equation can be integrated through the introduction of the distance X defined as 

X = Vt - x (16) 

which is the distance from the concentrated wave to the point x, and x and t are zero 

at the effective origin of the expansion wave. It is further assumed that the friction 

coefficient is a function of equivalent fiat-plate momentum thickness, 0c, such that 

Cf/2 = d 0c/dX (17) 



AEDC-TR-75-118 

In the absence of  a longitudinal pressure gradient, Eq. (17) can be integrated to give 

CF/2 = 0c/X (18) 

where the constant of  integration is neglected. Eq. (15) can thus be integrated to give 

01 + 1 01 = 0c =.~.  CF/2 = ( V t - x )  CF/2 (19) 

After rearranging 

01 
(Vt- x) CF/2 

v p * + s £ ,  (20)  
1 +  

Ul el ' 

Finally, 

6 (vt- x) 
01 l+ v P*+81 (21) 

Ul #1 

The ratios, 6/01, p*/01, 81/01, are obtained from Eqs. (9), (10), and (13) after the velocity 
and density distributions are assumed and 

V/ul = (I/M1) - (5 - "y)16 (22) 

from Eqs. (2), (3), (6) and (7). The friction coefficient must be in a form which can 

be integrated with respect.to the momentum thickness and must be corrected for at least 

first-order effects of compressibility and heat transfer. The heat transfer is from the wall 

to the air inasmuch as the mass of the wall is considered to be sufficient that its temperature 

is essentially constant during the short run time. 

Except for the definition of  the various parameters, the above derivation follows 

that of  Becker. When x = Vt, i.e. at the location of  the concentrated wave, the 

boundary-layer thickness is zero and increases, for a given value of  t, as x decreases to 
zero. In the present treatment, the lowest value of t to be considered is the time required 

for the tail of  the expansion wave to reach the downstream end of  the charge tube and 

the value of  k is the effective distance traveled by the wave tail. In Becket's evaluation 
of  the boundary-layer parameters, he assumed that 

ulul = (y16) l 7 (23) 

P - Pw u 
m 

Pl  - Pw Ul 
(24) 

10 
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and 

Cfi = 0.045 Re6 "1/4 (25) 

Tw + TI~ 1/2 
Cfi/Cf =Fc  = ~ "2~, 1 "/ (26) 

The accuracy of this choice of parameters is optimum for values of Re8 of about 100,000 
but deteriorates as the Reynolds number increases. 

4.0 SKIN-FRICTION COEFFICIENT 

One widely used expression for incompressible skin friction which correlates well 
with experimental data over a wide range of Reynolds numbers is that of yon K~rm~L'l 
and Schoenherr (Ref. 6) 

(0.242) 2 
Cfi = ( l o g  Reoi + 1.1696) (log Reoi +. 0.3010) (27) 

which can be integrated to give the familiar 

Cfi 1/2 = 0.242/1og (2 Re0i) (28) 

Another expression (Ref. 7) is that based on Coles' law of the wall and law of the wake 

g (2/Cfi)1/2 = ~n Re8 + 0.5 bz (Cfi/2) + g C + 2II (29) 

where the constants g and C are 0.41 and 5.0, respectively, and II is a function of Reynolds 
number and pressure gradient. If the laminar sublayer is neglected and the wake function 
is represented by a sine 2 distribution, integration of the profile gives 

and 

5i* 1 + I1 /Cfi~l/2 

"T " - =  

0i ~i* Cf i 
T = " 6 - "  2g 2 (2 + 3.179 II + 1.5 II 2) 

(30) 

(31) 

Equations (30) and (31) must be used with Eq. (29) to determine Cfi as a function of 
Re0r It may be noted that for an earlier version of the wake distribution (Ref. 8), the 
coefficients of II and II2 in Eq. (31) were 3.2 and 1.522, respectively. 

II 
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In order to use Eq. (29), values of II must be known as a function of  Reynolds 

number, even for the zero pressure gradient condition assumed herein. For the wake 

distribution used in Ref. 8, Coles found that II seemed to have a constant value of 0.55 

for values of  Re0i greater than about 6,000. For the sine 2 distribution used to obtain 

Eq: (31), the value of II must be increased slightly to about 0.56 at Re0i = 5,000 and 

further to about 0.58 at Re0i = 29,000 in order to match the tabulated values of  Cf i 
therein. Even if Eq. (29) could be put  into a form which could be integrated, the question 

arises as to how II varies with Reynolds number to values about three orders of  magnitude 
higher than that considered by Coles. Such large Reynolds numbers would be encountered 

in a large Ludwieg tube. Even the high Reynolds numbers of the experimental values 

of Kempf (Ref. 9) are about two orders of  magnitude too low for comparison with a 
large Ludwieg tube. 

If it is assumed that both Eqs. (27) and (29) give identical results and Eq. (31) 

is used to relate Re0i with Re~, values of  11 can be calculated by an iterative method.  
The results are shown in Fig. 3 and indicate an increasing value of  II with increasing 
Reynolds number. 

1.0 

0.8 

0.6 

11 

0.4 

0.2 

From Eqs. (29), (31), and 02) / " "  " "  ~ 

I I I 
0 ~ I~ I06 107 108 109 

. Re 6 

Figure 3. Variation of I I  with Reynolds number. 

A third expression for skin-friction coefficient used in Ref. 10" is 

0.0773 
Cfi = (log Reoi + 4.561) (log Reoi - 0.546) 

(32) 

*Constant 4.561 in Eq. (32) was 4.563 in Eq. (70) of Ref. 10. 

12 
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which can be integrated to give 

CFi = (log Reoi 
0.0773 

+ 4.0895) (log Reei - 0 .9431  ) (33) 

Equations (32) and (33) have been found to correlate well with available data. Equation 
(32) agrees almost exactly with Coles' tabulated values for Re0i from 4,000 to 29,000. 
It gives values about two percent less than Eq. (27) at Resi = 500, the same as Eq. 
(27) at Resi = 23,300, and about six percent greater at Re0i = 20,000,000. If II is calculated 
from Eqs. (32), (29), and (31), the other curve in Fig. 3 is obtained. In this case, II 
has a maximum value of about 0.5885 at Res about 52,000 and decreases at higher 
Reynolds numbers. Although the value of CFi from Eq. (33) is less than two percent 
greater than that from Eq. (28) at the highest Reynolds number of Kempf's data, it is 
believed that further extrapolation by Eq. (32) is better than that by Eq. (27) and therefore 
Eqs. (32) and (33) are used hereinafter. For obtaining the ratio of 0i/6, the combination 
of Eqs. (32), (29), and (31) is used. 

In Fig. 4, the limited range of application of Eq. (25) is clearly shown in comparison 
with Eq. (32) or even (27). 

0.004 

O. 003 

Cf i 0.00~ ""~"~.. Eq. (32) 

0. 00t ~ " .. ~ .  Eq. (27) 

I I I I I 

10 zo 6 l@ lo 8 lo9 

Figure 4. Comparison of incompressible skin-friction relations. 

Conversion of the incompressible skin friction coefficient to 'the compressible value 
with heat transfer uses the concept that the value FcCf (or FcCF) is a function of FRs 
Reoc in the same manner that Cfi (or CFi ) 1S a function of Reel. The factor Fc used 
herein is that used by Spalding-Chi (Ref. 11) and Van Driest (Ref. 12) 

F= = [j'o 1 (P/pl)112 d ( U / U l ) ] ' 2  (34.) 

13 
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where P/P1 = T1/T within the boundary layer inasmuch as the static pressure in the 
boundary layer is assumed to be constant. The temperature distribution in the boundary 
layer is assumed to be the quadratic 

T Tw 
m 

Ti Tr 
(Taw-Tw) u a ~ l r  ) u/~l/2 

+ T1 Ul " - 1 (35) 

where 

Taw/T1 = 1 + r (~ / -  1)M12]2 (36) 

After substitutiori and integration, Eq. (34) becomes 

(Taw/T1) " 1 

Fc = (sin. 1 a + sin "1 ~)2 (37) 

where 

Taw +Tw -2TI 
a = [Taw + Tw)2 -4T1 Tw] 1/2 (38) 

and 

Taw - Tw 
= [(Ta w + Tw)2 .4TI Tw]l /2  (39) 

The factor FR6 used herein is that suggested by Van Driest 

FR 6 = /~1//~w (40) 

and Sutherland's viscosity law is used. These factors, F© and FR~, have been used for 
correlation at supersonic speeds with good results and should be satisfactory at the relatively 
low speed and heat transfer within the Ludwieg tube. 

An additional factor which needs to be established is the velocity distribution in 

the boundary layer so that Eqs. (9), (10), and (13) can be evaluated. For simplicity, 
the power-law velocity distribution is assumed 

u /_~/1/n 
Ul - (41) 

14 
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where n is a function of  Reynolds number and increases with increasing Reynolds number. 

If a kinematic momentum thickness is defined as 

0:1) 0k = J ~ - dy (42) 
O 

then 

0k/6  = n/(n 2 + 3n + 2) (43) 

The best correlation with data was found if it were assumed that the value of n is a function 

of  Reynolds number based on the actual boundary thickness, not  corrected by FR 6, and 

0k/G given by Eq. (31) with H evaluated from Eqs. (29) and (32) with 0k used instead 

of 0i. Then 

n ~ - 3 + _ 3)2  1/2 (44) 

Values of n evaluated in this manner are shown in Fig. 5. 14[ 
/ 

I Eq. 
I ~ ' - ~  

. ! / : . ~  \ . . . .  

4 L - - ~  i i i i J 
10 lO6 zo 7 1o a lo 9 

ee~ 

Figure 5. Variation of n with Reynolds number. 
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If a kinematic displacement thickness is defined as 

s(, :1) = - dy 
O 

other definitions of n could be made 

(45) 

6 

n = 6 * k  1 ( 4 6 )  

o r  

n = ~ * k / 0 k  - ] (47) 

The three def'mitions of n give the same value at an Re6 of about 50,000, but the value 
defined by Eq. (47) is about six percent higher than that defined by Eq. (44) at Re6 
of 109. Inasmuch as 1I is evaluated from the ratio 0k/6, it seems more logical to also 
evaluate n from the same ratio, and, in fact, Eq. (44) does seem to produce better 
correlation with experimental data. 

5.0 CALCULATION PROCEDURE 

The computer program for calculating the boundary-layer growth is given in Appendix 
A. A design Mach number in the Ludwieg tube is assumed and used to obtain an inviscid 

sonic area from Eq. (I). It is assumed that the boundary layer at the sonic area location 

is related to the boundary layer at the end of the Ludwieg tube by streamlines within 
the boundary layer. Along each of these streamlines, constant total pressure and 

temperature (enthalpy) are assumed which vary from streamline to streamline as determined 

from the assumed distributions of velocity and temperature within the boundary layer 
at the end of the Ludwieg tube. The resulting distributions can be integrated to give 
a displacement thickness which reduces the effective sonic area as well as the area in 

the Ludwieg tube. The Mach number in the Ludwieg tube thereby varies slightly with 
time inasmuch as the "viscid" area ratio differs from that assumed initially. 

The earliest time for which calculations are made is the "start" time previously def'med 
in Fig. 2. As a f'Lrst approximation, the design Mach number is used to determine the 
pressure, temperature, velocities, and corresponding unit Reynolds number. Because CF 

is based upon Re0c and n is based upon Rea, successive approximations are made until 
a consistent set of values are determined to solve Eq. (21) for 6 and to obtain the 
corresponding values of displacement thickness both at the end of the Ludwieg tube and 

16 
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at the sonic area location. From the latter, a second approximation for Mach number 
is obtained and the process is repeated. Usually about five complete approximations are 

needed to make the Mach number consistent with the "viscid" area ratio. 

From the final calculation for the "start" time, the effective location of  the origin 

of the expansion wave is determined for use in the calculations for later times. For the 

later times, calculations are made both at the tail of  the wave and at the end of  the 

charge tube. In the solution of the momentum equation, it was assumed that certain 

variables were constant, but, in actuality, there is some variation along the tube. Therefore, 

at the end of  the charge tube, the denominator of  Eq. (20) is the arithmetic average 

between that at the tail of  the wave and that at the end of  the charge tube. Approximations 
are made until the Mach numbers at the tail of  the wave and at the end of  the tube 

are consistent with the "viscid" area ratios at the corresponding locations. For each 

approximation, it is assumed that the Mach number at the tall of  the wave determines 

the stagnation pressure in the tube, but the Mach number at the end of the tube determines 

the static pressure at the end of  the tube. Again, about five or six approximations are 

needed to achieve consistency. 

Obviously, the maximum value of 8 is the radius of  the charge tube. The calculated 
time at which this condition fn,st occurs is the maximum time for the particular Ludwieg 

tube design even though the reflected expansion wave may not  have returned to the 

downstream end of  the tube. If there were no boundary layer, the pressures within the 
tube would be constant during each excursion of the expansion wave up and back down 

the tube. In actuality, the static pressure at the downstream end of  the tube decreases 
with time. This decrease becomes greater as the design Mach number in the tube is 

increased. A phenomenon,  reported by Pfltz in Ref. 13 and qualitatively supported by 

calculations made by Piltz and by the method described herein, is that the stagnation 

pressure which initially decreases slightly with time may increase slightly at later times 

at design Mach numbers above about 0.2 but continues to decrease at lower design Mach 

numbers. The magnitude of  these decreases and increases is a fraction of  one percent 
of  the theoretical inviscid values. After the boundary-layer thickness becomes equal to 

the tube radius, the stagnation pressure decreases more rapidly at first and less rapidly 

later as the boundary layer adjusts to the velocity profile of  fully developed tube flow. 

Such behavior can be seen only if the Ludwieg tube is sufficiently long. From a practical 

standpoint, it would not be economical to build a Ludwieg tube with a run time greater 

than that which would allow the boundary-layer thickness to become nearly equal to 
the tube radius. 

17 



AEDC-TR-75-118 

6.0 COMPARISON WITH EXPERIMENT 

The comparison shown in Fig. 1, which was taken from Ref. 4, was made before 

the method described herein was developed to its present form, primarily in the realm 

of the variation of n with Reynolds number and the incorporation of the stream tube 

method of changing the effective sonic area with time. A comparison is made in Fig. 

6 of the same experimental values with values calculated as described herein. Two sets 

of calculated values are shown to illustrate the sensitivity of the method to changes in 

start time and run time. One set of values rises the same start time of 0.032 sec for 

each pressure level together with run times of 0.060 and 0.110 sec. Curves drawn through 

these values indicate a greater influence of Reynolds number on boundary-layer thickness 

than that shown in Fig. 1 and, therefore, agree somewhat better with the experimental 

values. Moreover, the bands of the experimental data indicate the inaccuracies and spread 

of the data from many runs. The times for the second set of calculated points in Fig. 

6 were selected so that the points for the lower and higher charge pressures lie more 

nearly in the center of the experimental bands in the manner of the points for the medium 

pressure. Only small changes in the times were necessary to produce the changes in 

• boundary-layer thichness. These slight time variations which produce improved agreement 

are well within the experimental uncertainty. 

2.2 -- 

1.8 

x 1.4 
x 

LO 

0.6 
3x 108 

Figure 6. 

Range of 
Experimental Data 

~ rom Fig. 1 Charge Tube Mach No. = O. 36 

Later 

Irma Ea 

Start Early Later 
Sym Time, sec Time, sec Time, sec 

a 0. 030 O. 059 0.112 
o O. 032 O. 060 O. 110 
0 O. 034 O. 061 O. 108 

Symbois Denote Calculated Values 
t J ' ' ' J [ I I I I I I 

4 5 6 7 8 9109 2 3 4 5 67xlO 9 

Re•x 

Comparison of calculated and experimental results for 
11.75-in.-diam Ludwie9 tube, revision of Figure I. 
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The discussion above illustrates what the dangers may be in attempting to extrapolate 
experimental data to other sizes and operating conditions without an adequate theoretical 

method as a backup. The length of the Ludwieg tube used was insufficient to give values 
of 6 greater than about one-half of its radius. The agreement between calculated and 
experimental results in the 7.6-percent scale pilot tunnel indicate that the present method 
would be adequate for application to the design of a full-scale facility. Data from charge 
tubes of 11.75- and 13.94-in. diameter were obtained. 

Relatively few boundary-layer data were obtained at the downstream end of the larger 
charge tube. These are compared with calculated values in Figs. 7 and 8. The full 

boundary-layer thickness, 6, (Fig. 7) is predicted quite accurately. Close to the wall, 
however, the mass-fiow profile (Fig. 8) is underestimated by the calculations, but beyond 

about 0.5 in. the agreement becomes much better. Because of the profile deviations, the 
values of displacement or momentum thickness are not quite as accurately predicted as 
the fu l l  thickness. 

3.6 

3.2 

2.8 

2.4 

2.0 
6, in. 

1.6 

1.2 

0.8 

0.4 

I nviscid Charge Tube 
Mac h No. = O. 265 

I Symbols Denote Experimental Values 
0 I I I i I 0 
O. 04 O. 06 O. 08 O. 10 O. 12 O. 14 O. 16 

Time, sec 

0.4 

0.3, 

0.2 61, in. 

0.1 

Figure 7. Comparison of  calculated and exper imenta l  
results for  13.94-in.-diam Ludwieg tube. 
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3.6 

3.2 

2.8 

2.4 

2.0 

y, in. 

1.6 

1.2 

0.8 

0.4 

I nviscid Charge Tube 
Mach No. = O. 265 

Symbols Denote Experimental Values 

O. 115 sec 

O. 0"/5 

t 

o 

0.4 0.5 0.6 0.7 0.8 0.9 1.0 
pU/PlU 1 

Figure 8. Calculated and experimental mass flux profiles 
in the 13.94-in.-diam Ludwieg tube. 

For the range of Mach numbers under consideration, an error of 0.5 percent in 
measured pressure ratio will result in an error of nearly five percent in Mach number 
near the edge of the boundary layer and an error of nearly ten percent in Mach number 
at a point in the boundary layer where the Mach number is about 70 percent of the 
free-stream value. Thus, the deviations between calculated and experimental profiles are 

within the accuracy of the experimental values. 

7.0 C O N C L U D I N G  R E M A R K S  

A method is presented for calculating the time-dependent growth of the boundary 
layer at the downstream end of a Ludwieg tube. The method consists mainly of several 

modifications to Becker's method which had been found to be inadequate for use at high 
Reynolds numbers. Calculations made by the modified and improved method have been 
found to agree quite satisfactorily with experimental data obtained in a Ludwieg tube 
used to drive a small transonic tunnel. Utilizing the program developed in this study, 
very reliable predictions of the boundary-layer growth in the charge tube for wide range 
performance are possible. 
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APPENDIX A 
COMPUTER PROGRAM 

This Appendix contains a program listing together with a sample output  of  calculated 

results. The computer program is written in double precision Fortran IV for use with 

the IBM 370/165 Computer. It closely follows the description given in Calculation 

Procedure. Numerical integration is accomplished through the use of  a 16-point Gaussian 
formula for the interval 0 to 1. To avoid the problem of  infinite slopes when y/5 is 

the independent variable, the velocity ratio is made the independent variable, because, 

from Eq. (41) 

y/5 = (U/Ul)n (A-l) 

and 

d(y/5) = n(y/~)d(U/Ul )/(B/Ul ) (A-2) 

In the program u/u1, written in the output as U/UE, is the variable Z(K) and the D(K)'s 
are the corresponding weighting factors for the Gaussian integration. One subroutine, 

FMR, is used to determine the Mach number for a radius ratio. 

Four cards supply the input data for a particular problem. The first card contains 

the title (ITLE) information in columns 2 through 12. On the other three cards, the 
format allows ten columns for each variable. 

Second Card 

Input Columns 

GAM 1 - 10 

AR 11 - 20 

ZO 21 - 30 

R e  3 1  - 40 

VISC 41 - 50 

VISM 51 - 60 

Ratio of  specific ~at~,  qe 

Gas constant, ft 2/sec 2 R 

Compressibility factor, 1 

Recovery factor, r 

Constant in viscosity law 

Constant in viscosity law, viscosity = 
VISC(T)I -S /(T + VISM) 
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Third Card" 

AKAT 1 - 10  

CMACH 11 - 2 0  

PP 

RSTAR 

21 - 3 0  

31 - 4 0  

PPQ 

TQ 

TMIN 

BLD 

Fourth CaM 

TM(K) 

41 - 50 

51 - 60 

62 - 70 

71 - 80 

Variable used if more than one problem is input 
at same time, see card A-290 

Design Mach number, if not specified, maximum 
value is calculated from the radius ratio, 
PP/RSTAR 

Radius (in.) of Ludwieg. tube 

Effective radius (in.) of test section or, if 

CM,~CH = 0, of sonic area; if RSTAR = 0, RSTAR is 
set equal to sonic radius calculated from CMACH 

Charge pressure, P4, psia 

Charge temperature, Rankine 

Start time, sec 

If zero, boundary-layer profiles are not printed 

10 for each Times, seconds, at which calculations are 
value of K desired; maximum value of K is 7; problem is 

terminated when TM(K) = 0 

Output values, ff not otherwise obvious 

RE/IN 

RTHI 

FRD 

FC 

KCFI 

KCDI 

KCD 

TH 

Reynolds number per inch in freestream 

Incompressible Reynolds number based on momentum thickness 

Ro i /Ro  c 

Cri/CF 

I000 Cf i 

1000 CFi 

1000 CF 

0 1 ,  in.  
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M 

D*2-D 

DELTA* 

DEL*A 

H 

R 

PO 

PO0 

PE 

PE0 

TO 

TAU*V 

XSTAR 

HRH 

TAO 

DELAY 
TIME 

V 

HSUMIVO 

HSUM/VE 

THROAT 

TUBE 

NET TIME 

AEDC-TR-75-118 

R-DEL*A 

Mach number at end of Ludwieg tube 
6 

I0 (1 - pu/PlUl)dy 

81, in. 

8*, in. 

81/01 

Tube radius, r, in. 

Stagnation pressure, psia., at net time 

Stagnation pressure, inviscid, at time 0 

Static pressure, psia, in freestream 

Static pressure, inviscid, at time 0 

Stagnation temperature at net time 

Distance to concentrated expansion wave from end of tube 

Distance to end of tube from effective origin of expansion 
wave 

p*/01 

Distance to head of expansion wave from end of tube 

Time required for head of expansion wave to reach end of tube 
from effective origin 

Velocity of concentrated wave, fps 

(p* = 81)/01ul at tail of wave 

At end of tube 

Values at RSTAR calculated from st'reamtube from end of 
Ludwieg tube to sonic area 

Length of Ludwieg tube for NET TIME for expansion wave travel 

from downstream end of tube to upstream end and return 

Same as input TM(K); useful run time, Fig. 2, is NET TIME 
minus START TIME 
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C 

~..._ 

PRUGRAM LUDbZEG 
dOUNDA~Y L&YER G~O~TM IN LUOw|E~ lUdL 
|NPLIC|T R[AL°O (A'MtO-~) 
COMMON /GG/ ~|eG3~G~tGb~AtRGA 

ONE~I,U*O 

0(11~.0~J57622970~0 

O¢3)~.O~/SlV2S~BD.O 

O(?)s,O~|30|7OT~D*O 

ZCJ)x .067 |~39980 "O  

Z(~)~,I9AOb|~TT~U~O 

~(7)~,35¥|gOZ2~bD*O 

DO | Js~*16 
bCJ i~bC|7-J)  

~EAD ( ~ * J O ~ o ~ z g )  ITLL 
REAO (~9~]~E~C)l~9) UAM~A~ZOtRO~V~SCcV~N 
FOR GAM~&l|. t~ G ~ l ~ b t  ~311e~¢ ~S l~ /b t  G~ l~ l~ t  ~Ts l *~ t  ~ l O e 2  
GAI3I ~ l l | / 3 g  O~lOo~* GPI3,~ 
GMmGAM-XeO~O 
GI~I,D*O/G~ 

GT~XeD*O*GB 
Sb: l ,D*O/O7 
GSsGOeSb -. .., 
~AsG]eG7 
G3~oSD*UeGA 
GP~GA~e~A 
RGA~G~e~b 
REAO (~*J~oEMDI~9) AKATeCMACHtPP~RSTA~PP~TUtTq|N~dLO 

READ |5931oE~D~29) Cr~IKIoKm|tA) 
HCm|eOeZeCqACH 
IRSTsI~D*IeRSTAR 
IF ((MC,~QeU).ANO.(|~STe~Ee@)I CMACH=F~R(PP/H~TARt-~) 
w~N~C~ACH 
OMACHmCMACH 
w~ITE (b ,40)  ITLEtPPUeTUtIMIN~CMACH 

Y$~A~nP#eDS~RT(CMA~H|/(~b~SeCMACHeeZ)eeO3 
IF (MC.E~eO) YSTAHI~STA H 
|F (]RST~EQ.O) ~STA~YSTAR 

& JL 
A 
A 3 
• t, 

arL 6 
A 7 
& tl 
k v 
A 10 
i. lA 
& 17. 
a 1.4 
A 14 

A l b  
A 17 
A ~,d 

A 21 
A 2;~ 
4 2 J  
A ~.4 
A ~'b 
A 2 b  

A ~6  

A . . 4 O  
A JA 
A 3-~ 
,,L 3 J  
& ..16 
A ...t5 
A 36  -A 3 ~  
A 3~, 
A 3V 
& q.O 
J, 4 i  

& 4F 

& ~,~ 

A_ S~. 
A $3 
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5 

7 

9 

&QsDsQHT(GAM~AReTO) 
Tw:To 
NHUzV[SCoTdeDSURT(TNII(T~*V|S~) 
IQaO 
TIMmTNIN 
CAP|Ie55U*U 
TAOII2.D*OeT[MeA~ 
DLBsO,OU*O 
OLCSOeUI)*O 
MAsO 
IPPaO 
~AONA*I 
TRS:X,b*U/K|,O*O*GOeO~AC~)**~ 
UHET~UeOMAC~ee~ 
bT~=X.D*O/(L.D*O*odEr) 
Tk~TRSISTH 
TOmTReTQ 
PPS~pPUeTH~e~P 
IF ( ( I ~ * ~ e O ) t A N O e ( H A e ~ . ] } |  ~SO'PPS 
~HO~|4~U*Oe~PSIZO/A~/|U 
TE~TO*Sr~ 
EMU~VXSCeTE*~SQ~T|TE)/(TE~V|SM) 
TA~sTE*(X.D*O*~OeO~EI) 
~HUEzRHOeST~eeG| " "  
AEeOsQRTIGAMeAReTE) 
¥E=O~ACH*AE 
¥O~O~ACHeA[ 
AT-AE-VO 
XF (TI~.~T.T~]N|  GD TO 7 
~SECzT~INeAT/(AQ-AT) 
XST~AQ~g~[C 
&V=(AQ*~.D*OeAT)/3,U*O 
ISEC~TIH*~SEC 
T~UV=Id,U*U*TSECef~V-A[) 
~EOmRHUEeVO/EMU/I~,~*O 
~ArmO 
uo r o v  
ZPP~O 
TAUVml~,~*O~(TSECtA~-xsT) 

IF ( ( ] ~ . ~ Q , O ) , A N D , ( ~ A . [ ~ , I ) )  PEU~PP[ 
BET~GB*W~Neeg 
5TH~|eU*UI(|.O*O*B~T) 
IE~To*$T~ 
TA~=TE*(~,O*O*HOeBET) 
~HOL=H~OeST~e*GA 
EMU=vI~C*TEeDSGRT(IEI/(TE*vISM) 
VE=WMNeO$ORI(GAMeA~oTE) 
~EO=RHO~evE/EHU/12,U*O 
Dk~T.~/IE 

~HsTAW-TL 
DKmDA/T[ 

i 55 
A 5b 
A 
& 58 
& $9 
& 6O A -6T 

& b3 

A b5 
A bb 
& b7 
A 68 
& 69 

_A__ 7o 
& 7J 

A 73 
A_ 7~ 
A 75 

?b 
~- -9-7 
& 78 
A 79 
A 8O 
i - -  d1- 
A B2 
~--d3- 

~- 8-83 
A 8b 
A 8 i  
.,_ ~e 
A 89 
A 90 

, ,  9Z 

A 93 
A 94 
A 95 
A 9 (  
A 97 
k 9B 
A 99 
*, lO0 
,t Loi" 
A 10~ 
E io~- 

A 1o~ 
A l o b  
A 1oF 
,, z.o.e 
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10 

11 

DNsOs/TE 
DCIUSG~T(UAO~A~6.U3~UelweUB) 
DFzOA~SLNC(Ud*TW-IE)/DC) 
DEsUAkbI~IDA/OG) 
[PlUB/LUF*UEII (DF*~L) 
F~UxEMU/~M~ 
ASTARsTAUV/(IoU~U~I,JD*UeAV/VE) 
FCuTP/I(  
RXIzF~0e~EOeXSTA~/F~ 
IF ( ~ X I , L T . I . u * ~ J  ~O TO ~U 
ABxULOG[u(~Ai i - I .S~*U 
~TM|sOeU~4U*OOkX]/&doe~ 
~T11~1~1 
~DELx|.D*Ied~I 
IF ( R T ~ / , L T . I , D * I )  ~U TU ~7 

RT|bmD~Ub|U(~T||) 
~O~lO~UJHbbO*OI(~T~*~+U~950*U)I(~THb'QeV~31U*U| 
CFIsO,UJUbbD*O/t~T|G~,bblO÷O)I(~T|G-U,b4bt~U) 
ACF~e~IU*OIUSQRTIc$|) 
[~xleO~U*C&P| 
C3x~D~0*CAP|o(3.17~797dU*0~|ebO*0eCAP|) 
CIxC2-CJ/ACF 
FACFmA~VtD~OS(CIJ-|eI58qU|SBIOtU-~,DtUeCAPI'~,JU~SbU~3U*Oe~T|b 
rPCPs(ACF-3,178~97~*U-3~D*OeCA~II/AC$/c|-~,U*U 
CAP[=CAPI-F~CFIF~C~ 
IF (DA~b(FACF)obI , I ,U-B)  bO T~ II 

ANx,SO*Oe(DOTI*DSuqT(o~I]eCOOTI-b,O*O|*IeD*U)-J,O*U) 
CU~CO|elEITP 
~UMAaOeOL)tO 
5U~BmO,O0*O 
bUtt~x0eUU*0 
SU~OxO*O0~O 
~UMExO~Ou*O 
~FsO,UD~O 
$~Gx0e~U*0 
S~H~0.OD*0 
~o 12 KsLglo 
UNmZ(K)e*A~ 

~=U(K)eANOU~ 
AI)UxD~IT< 

CUD:ADUeUN 
ODO=~OUeoN 

bU~CxSu~C*CO3 
EOUzAUtJ/~(4) 
qOUsEUI;eUN 
SU~EsSU~t*EOD 
5M~=SMH*~03 
~UMD=SUM3eDUJ 

• - 1 o ~  
A I IU 
k I l l  
A 112 

113 
II~ 

A II~ 
A llb 
A 117 

1 1 ~  
A ! 1 9  
A 1 ~ 0  
a I~I 
A 122 
4 12J 
A 124 
A l,)b 

1~6_ 
A I~7 
A t ~ 8  
a 12Y 
A 1 3 0  
A 131  
• 1 3 2  
A 1 3 3  

a 13b 
A 13b 
A 137 
& 138  

139  
k I ~ 0  
A ] 4 1  
a 1 4 ~  
a 1 4 3  
A ~ 4 4  
A l~b 
a l ~ b  
A 147  
A 1 ~ 8  
a ,~4Y 
a 15u  
A l b /  
A 1~;" 
A 1 ~ 3  
A Ib4 

a 1:,1 
IL 1~d 

A le~O 
& l b l  
A lo ;~ 
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13 

IS 

16 

18 

19 

DOT=I.U*O/ISUMA-StJ~) 
bSOOs|,b*O-bdMA 
DSM=O,bO*O-$~MC 
THMsSUMC-SUM~ 
~OD~sUME-I,D*O 

IF (IPP,~T,O) GO TO 13 
~-OSOO*OOT 
~OTHuUOT 
H~HsROD*~OT 
|F (KATeEQ*0} GO TO J~ 
~OV[I(HtH~H)~V[ • 

GO TO 15 
HOVO~(H*~HH)/VO 
XSTAR~TA~V/(I,O*U*AV*HO¥O} 
THsXSTAR*CD 
DORsDOT~*T~/PP 
IF (DO~*LT,IaD*O; SO TO lb . . . . . . .  
DOH=I,U*U 
rHspp/uorR 
DS~OD-DS~D-DU~*OSM 
DOTHul.O*O/(I,OtO/OUT-TMq*O0~) 
H~uOsRUDeOOT~ 
~RHsI~OO*OORe~MD)e30~R 
IF (DAB$iH-H~),LT.5*~-7) GO TO 17 
~sHR 
|PP~I*|PP 
~0 TO 13 
DELTAmDOTReT~ 
IF (DOR,E~,I,O*O) DELTA~P 
~DLTu~EO*UELTA 
~THX,FRO*~DLT/DO[ 
~TII~RDLT/DOT| 
OELSTs~eT~ 
IF (OABS4|,U*O-RTHX/~T~|),LT,_II,U_.~-b) ~U 1.u. . ld.  
RTH|=RTMX 
~OELs~Dkr 
GO TO lO 

OYsUSURT|ppeIpP-deD*Ue~bLST)) 
KAT=| 
HO~H 
H~U~HRH 
~NO=XN 
~0 TO 6 
CDLST=~,O*Oe~ELSTIIUSURIII,D*O-~,U*Oe~EL$T/PP)*I,D*O) 
DIFFsDABS(COLST'(~*O*O.eULB*O~C.)/3,D*O) . . . . . . . . .  
IF (DIFF,LT* |ob-6)  ~U ]U ~1 
FS:Us~HT(PPeIPP-~,~eUeUE~ST}) 
TT~=~ETeSI~/55 
~LC'DLe 
~O ~0 Kmitlb 
~NsZ(K)e+X~ 

A i 63  

A lb5  
a 166 
A 167 
A lbU 
A 169 
, !7__0 
A 171 

A 173 
A 174 
A . l l 5  
A 176 
A IT?- 
A 178 
Ji i 7 9  
A 18d 
, I-e~- 
A L82 
,L-ls3 
A 1~4 
A l S b  
.A _;a6 

187 
~ l s e _  
A IB9 
~,._!~o 
A 191 
A 19E 
A 1 9 3  
A 19q 

& 19b 

A 198 

A ~00 
'I, >0,I 
A 2 0 2  
~_ 203  
A ;)uk. 

~-~-o~ 
& 2 0 b  

A e. o_e. 

A al3 
a 214 
m+ 2 i ~  
& ~Ib 
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ODsD(K)eXN~U~ 
~ R m D S U ~ T I T ~ - 1 1 ~ e ( T ~ - Z i ~ ) e e 2 ) j '  
FDDmDD/U~R 
$MFuSMF*FDD 

• ~0 bM~ISM~tFO~t~N 

0LB~Ct~Lsr 
~XmPPOFF~IYbTA~ 
UMnOye~A/FS 
INNsFMH(~A~- I )  
OMAC~mFM~ID~!.~)) . . . . . . . . . . .  
~U 10 b 

~ |  ~TAOs~[UOTAU 
~OLsDELTA/TAO 
OSULICULS[I~AO 
TR~AmXH! 
IMACHi~ACH 

IF (BLO,~Q,U~OO~O) GO TU ~3 

w~ITE I b m 3 : )  ZE~UeZE~OgZE~UtD~eZEHU 
UO ~2 ~=r~16  . . . . . . . . . . . . . .  
UNsZ(K)evX'~ 
Y~LmUNe()~LTA 
IHmDw*L(K)e(~KoZtK)O~N)  
~HOU=Z(K)/TH 

~2 mR|TE (b~3S) UNeYBLtZ(K)gINo~HUU 
w~ZTE (b~JS) ONEtOEL!~?U~IEtO~EoUNE 

23 IF ( ( I ~ I , E ~ , O ) o O H . ( ~ C . ~ , ~ ) )  ~ T u - ~ b '  
$~FmOob~*O 
SN~mOe~U*O 
TH~TzG~erMacHe~ 
ITTm~ETo~T~eI~eD*U*IdET)tT~( .T 

UNs~(K)eeAq 
I~8UWe/{K)e(OK-Z(RJeON)  
U~ I~ (K )eANIU~  
U B ~ z D S ~ T ( T k - T T T e ( T H - Z ( K ) e e 2 ) )  
FDD#DD/U~R 
$~FsSHF*FUD 

~ ~MbsSMbeFUDe~N . . . . .  
FG~aDS~NI((LoO~U-OOR)oe¢*~eD~UeUONIt~F-~O~e~MG)) 
TNNzxNTeFFG/FGG 
TNALH=F~KTHqe- | )  
IF ( D A B b ( T ~ N - ' I ~ R A ) . ~ I , b * ~ - 9 )  bO I0  ~5 
I~RXmTN~ 
~0 TO ~J 

~S bS~ORmI,O*O-tI,U+O-C~LSTIPP)/FGb 
O~UH=IeO*0 - t I .U+U-~UH) /F~G 
U~ Im l . bU~Oe( IoU*~ -TAUV/ [~O)  
THLm,SU,ueT~$*IFbECeIAE*VU]*A~T)-~bT 
COl~=20UUeO*OeCDl 

"A-217 

.a 220 

A .a2< 
A 223 

_ A ~26 

a ;~?b 
= ~2F  
J, ¢.?,.9. 
& 2 2 9  
A ~30  
& 231 

& 2 3 3  

A ~3 ~  
,i 2 3 6  
A 237  
A 2 3 d  
A 2 3 v  

. A  t .40 

A ~42 
6 ;~43 

A ,>,bb 

A ,¢46 
& -' ~,, 9 

4 ~bl 
/, 2S~a 
A ~31  
A ~54  
* 25b 
A 2 5 6  
A ,ab7 
A ~bd 
A ~b9 
A 2~U 
,t - '61  
A 2 6 ~  

& ~6q' 

2bb 
* ) b 7  
A /.b8 
A ~ 
A ~VO 
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CDKn2OOO.U*U°CO A 271 
¢FIKm2OOU.DoOoCF! A 272 
US~nDSODeDELTA A ~T3 
PSRmPPS/RSO A 274 
PERmPPE/P(O A 275 
i R I T (  ( b , 4 2 )  REOtRTHA,FRDtFC,CFIK,CDIK,CDK.tTH & 27b 
WRITE ( b , 3 6 )  MAeFStWMNoOELTAoDS2,DEL~TPCDLSTeHeXNtPPtPPStPPEtTOeTA & 277 

|UVeXSTAMtH~H,ONACMePbRePERtTAOeQSECoAV A 2TB 
WRITE 16o43) XHO,HOt~ROe~OVOoHOVEtDWT A 279 
w~|TE (6~3~) S~ACHeT~ACHeDSBORtUBUHoTBL A 280 
wRITE ( 6 t 3 9 )  RTAOtOOLtDSOL,TIM A 281 
LO=IQ* I  A 282 
T IMnTH( I~)  A 263 
iF (TIM-,LEeTHIN) GO [0  ~6 A 28~ 
JF ((BLDoEOeO,OD*O)oANDe(JOoNE.5)) GO TO b A 28S 
|F((BLD,NE.O.OD*O).ANDe(qOO(IQ,d)oNEoO}) GO [0  b A 286 
wHITE (6o~0) ITLE,PP~,TQ,TMIN,CMACH A 287 
WRITE ( 6 , 3 3 )  A 286 
~0 TO 5 A ~B9 

26 IF  (AKAT) 3o2 ,4  A 290 
~7 wRITE (b ,37)  kTHI ,~DEL A 291 

GO TO ~9 A 292 
~8 wRITE ( 6 t 3 8 )  RX1,FRD,REUtASTAR A 293 
29 STOP A 296 
C A 295 
30 FORMAT (JAB) A ~96 
31 FORMAT (~ElOoO) A 29T 
J2 FOHMAT ( IH  , J O X , e I ~ V I S C | ~  THROAT M = e t F B e b , e ,  STR(AMTU~E IHROAT Ms A 296 

. l ° o F 8 . b ,  o, DELeA/HAUemeeFBabe e, UELTA/RADemOtFBebeee TUB(nee A 299 
~ F 7 , 2 , '  FTeLGO / ) A 300 

33 FORMAT ( |H  ,SXtoouAO~ATIC TEMPERATURE o I sTR |BUI |ON SPAULDING-C A 301 
1HI REFerENCE TEHPERAIUNE VAN DR|EST REFERENCE REYNOLOS NODe / )  A 302 

36 FORMAT (|HOeIOXeOy/O~LTAve|OX,tY(INCH)IeIIX~IU/UEle~SAeOT/TEIe||X, A 303 
IoMASS FLux .  / )  A 304 

35 FO~MAI (*H o5F~7.5 ) k 305 
36 FORMAT (~H I I ~ P P ~ I I [ ~ , I ,  YEI IF~eS~I  e HmleFBe~e l t  DELTAa0eF9o§ o A 306 

1;~ Oe~-bmeeFBeS,te OELTAemO,F~ebtoe OLLeAn 'eFB,~eee HnOeFg~be A 307 
ZI~ N = I , F B . ~  , / I ~ X I I ~ l e e F g e ~ t  I , PO I I IFBeSe  I , PEmteF~eS,ee TO=l ,  A 306 
3FB,3 ,e ,  TAU*Vs°eF~,~ ,~  I N . ,  XSTAHme,F9.3,  ° I N * t  H R H m l e F g , b / l l X e  A 309 
• tMAVE [Nu H z t , F B e b ,  t , PO/POOmI,F8eSI le  PE/P~UmeIF~e~eI~ TAOmIt A 310 
5 F 9 . 2 ,  t INn, DELAY T1MEnOtFg ,b , t  SECONDS, Vm°eF9e3 ) A 311 

37 FORMAT (~H|'°RTMIn°eE1S.7,~RDELm°,EIS,T) A 312 
38 FORMAT (IHI,ORXInIo~5,?,OFRDn~,EIS,TeoREOnI,EIb,TetASTARn~tE|Se?) A 313 
39 FORMAT | ;H  ,|OXeOREYNOLU5 NOoiTAO)mo, lPE12e~ete  DELTA tTADn° t [ I Ze5  A 3 I t  

1 t i t  ~ E L e A / T & O : ° ~ E I d . 5 , ~  NET TIMEme,OPFg°b, '  bECONU$O / ) A 315 
60 FORMAT ( j i l l , S A C ,  I CHARGE P~ESSUREnt ,FT.2 ,  t P ~ I A ,  CHARGE TEMP(RATU A 316 

lREmOeFT.~,o R, ~ IAR;  T IME=teF9.bee  SECONDS, ~(S1GN MnleFBe6 / )  A 317 
~I  FOHMAT (~HO) A 316 
~2 FOHMAT I /HOo lOA t~E /JNmOe F 9 , 0 o t t  HTHIneeF~eUtee F~U=eeFBeb,ee A 31¥ 

J F c = t t F B . 0 e P t  RCFI=I tFBeSo I , K C O I I I t F e e ~ I t e  RGDnO,FBeSt~I THnIo A ~20 
2F8 .5  ) A 321 

~3 FOHHAT ( IH  ,JOAeeMAV~ ~ND N n I e F B e S t I e  H n I , F g e b e l t  H N H n l e F g e b I I I  k 32~ 
HSUM/VOmI,F I~ege '~  H ~ U q / V E = I , F ~ I e g e  e , wAVE LGTH/TAUmOtFT,5 / )  A 323 

END A .32~- 
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FUNCTIO~ Fq~ IRH,Ib)  
10 OBTAI~ qACH ~ 0 ~ [ ~  FkO~ RAdiUS ~A110t l ~ : - L  IF ~<le * ]  IF M)I 

COMMON / b b /  S|~G3ebb~GbeGAtRGA 
IF (RH,@TeI.D*O*btD'LO) GO ;b | 

iF (RR.L r . | .O*O-b .3 - iO )  SO TUb 

&Hs(R~ee~)ttRGA 
IF (Z~eA~.LTe-|e~bU~U) ~D 10 

~o 10 J 
FMk~(~beeG3/<~)~e~ 
~ 0  • J = i l b O  
CNmFMRee~GA 
FMmCqeiU-GO-~beF~Rtt~ 
FP~GAe(LMeA~/FMX-F~H) 
FM~mFM~-FM/F: 
IF (DA~(F~ )~LT~ .O-9 )  63 TO 6 
CONII~U~ 

dETUR~ 

FOHMAT (|H ~ORAD|US HATL~a: tF |2e|Ot te  Nmo~FL~JUt7~t H/~im~F~2.1~) 
(NU 

d 3 
d 
.d b 
d b 

? 
8 

d 11 

n ~b 

# L8 
8 IV 

8 2o- 

SAMPL~ [~UT  

CArD 1 
ITL~ 

PILOT ~ I ~ T  

CARD 2 
G&q A~ ZO 

. _ . l _ ,~  1 7 1 6 . 5 S  ! .  

CARD 3 
AKAT CNA¢~ PP 

1,  ,~6S 6,96875 

T~( I )  TMC~) TMI3) 
o015 ,115 .165 

R0 V1S¢ VISM 

RSTA~ P~U TQ TMZN 
4.6219J663 ~0~. 5~U, ,044 

HLD 
L, 
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L~o 

PILOT HIRT CHARGE, PRESSUHEm 102.00 PSIA* CHARGE TENPERATUNEm 520000 Re START TIME8 0,002000 SECONDS, DESIGN Nn0,265000 

QUADRAT|C TENPERATURE DISTRIBUTION SPAULOING-CHI REFERENCE TENPERAIUR[ VAN DRIEST REFERENCE REYNOLO5 NOe 

Y/DELTA Y(I~CH) U/U( T/TE MASS FLUX 

000 0,0 000 101108+ 000 
0000002 0.00038 0.35920 1.0T403 0.330++ 
0o00406 0.00191 0.05209 1006392 0.02531 
0001~26 0,00717 0o5+751 1006339 0,51976 
0o00551 0,02139 006+000 lo00282 0061~09 
0,11102 0o05236 0,72901 1,03262 0070598 
0.2~903 0.10783 0,80890 1.02319 00790~0 
00~0026 0016999 0087770 1001496 0086~77 
0061701 00~0995 009328~ 1000826 0092517 
0082273 0038666 0097229 1,00302 0006897 
0096378 0005298 0.99070 1000066 0099+05 
1000000 0,+6997 1000000 1000000 1.00000 

RE/I~x 67S3180* RTHIx 36107,* FRD800920584~ FCs1,056867. ~CFI s 2007820* KCDI 8 2007~759 KCOx ~0339709 
APPR be yx 6090503~ Hx0.269827. DELTAs 0.06997. De~-Dx 0.06~61* DELTAom 0.063~30 DELeAs 0.063720 Nx 1.+035549 

THm 000~390 
Nu 6094305 

R x 609b875. POx 7402660 PEm 70.6020 T08 +7+.9299 TAU+V z 187.80 IN . *  XSTAR I . 37.561 IN . *  HRH8-O.ISS787 
HAVE EqO Mu00269827* PO/POUx 00995381 P(/PEOm 0099361, TAOz  563.01 IN . *  DELAY TIMEs 0o090713 SECONDS* V: 0880925 
NAVE £YO Nm 6.903050 H8 1.403550, HRHm-Oe155787* HSUN/VOxOoOO+A996989 HSUN/VExO.OU~+996999 NAVE LGTH/TAOxI.UOO00 

INVISCIO THROAT ~x009bS902. STREAHTUB( THROAT Mm00957060* DELoA/RAD.800000965* DELTA/RAO.a00059742* TUBE= 24.66 FTeLG 

REYNOLDS NO.(TAO)s 4093163D 08, DELTA/TAOx 80341530-04. DELOA/TAOu 1.13102D-O+t NET TINEs 0.042000 SECONDS 

Y/DELTA Y(I~CH) U/UE T/TE MASS FLUX 

000 0 ,0  000 1,11178 0 .0  
O.O00+S 0000057 0035020 1o07080 0033+20 
O,O0~S+ 0000326 00452~9 1o06061 00+2503 
0001d68 0,01369 0o50751 1,05399 00519+6 
0,03097 0,0++80 0060080 1,00332 0o61019 
0,09200 0.11839 0072901 1003301 0,70571 
0020237 0e25928 008089+ 1.0~309 0.79038 
0037~21 00+79+5 0.877T0 1001515 0086+60 
0059~12 007586+ 0093282 1.00837 0092507 
0080916 10036T1 o.gTz2Y lo00347 0.96893 
0096075 1,~3094 0099010 1000066 0.99+0+ 
1000000 1.20122 1,00000 1000000 1000000 

RE/INs 8970250, oRT~Ix 96738.* FR080.9199639 FCxloOST++5* 4CFIx 1.79908, KCOls 2.110~71 KCDs 1099582* 
APPR 59 ys 6081071t qm002771589 DELTAm 1.2812Z9 DoZ'O= 0016~370 DELTA em 0.156251 OELO&z 00158049 Hm 1o0259199 

Tqs 0010958 
Nm 7053505 

Rx b.96875* POm 74.2519. PEs 700393t TOx 474.903. TAUOVx 539.48 I N . ,  XSTARx 1090808 IN.9 HRHs-O.IS5750 
NAVE END M80.270032, PO/POOx 0.99518* PE/PEOs 0.99067, TAOx 1006.09 IN.9 DELAY TIMEx 0.09,713 SECONDS* Vs 888.760 
NAVE E~D Nx 7005636t Ha 104393209 HRHI'O.1550821 HSUMIVOsO.O00082701, HSUN/VExO.O003226539 NAVE LGTH/TAOsOebQSG8 

INVISCID THROAT H80e9559021 STREANTUB( THROAT H8009588989 DELeA/RAOexO.O02565. DELTA/RADexO.167056* TUBEs ++.66 FTtLG 

REYNOLDS NOo(TAO)m 90028900 089 DELTA/TAOm 1.27307D-039 DELSA/TAO8 1.57086D'009 NET TIMEx 0.075000 SECONDS 

m 

C~ 

:0 

Ol 
d 
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A s 

At ub • 

ao 

a l  

C 

CF 

Cr 

Fc 

FR6 

£n 

log 

M 

n 

P1 

P4 

Re 

r 

T 

t 

U 

V 

X 

NOMENCLATURE 

Sonic area 

Cross-section area of a Ludwieg tube 

Speed of soun~l ahead of an expansion wave 

Speed of sound behind an expansion wave 

Constant in Eq. (29) 

Mean skin-friction coefficient 

Local skin-friction coefficient 

Ratio of incompressible friction coefficient to compressible value 

Rsi/Rsc 

Denotes natural logarithm (base e) 

Denotes common logarithm (base 10) 

Mach number 

Exponent in velocity prof'fle 

Static pressure behind expansion wave 

Charge pressure 

Reynolds number, subscript indicates reference length 

Radius of Ludwieg tubes also recovery factor in Eq. (36) 

Temperature 

Time 

Velocity 

Velodty of concentrated expansion wave 

Distance, Vt-x 
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,y 

Ax 

Aw 

6 

6" 

61 

5k 

0 

01 

0c 

Ok 

K 

# 

II 

P 

p* 

2" w 

AEDC-TR-75-118 

Distance along Ludwieg tube 

Distance from wall of Ludwieg tube, in. 

Variable defined by Eq. (38) 

Variable defined by Eq. (39) 

Ratio of specific heats 

Length traversed by head of expansion wave relative to end of Ludwieg tube 

Length from head to taft of expansion wave • 

Boundary-layer thickness 

Displacement thickness of boundary layer when total thickness is large relative 
to the tube radius 

Displacement thickness defined by Eq. (9) 

Kinematic displacement thickness, Eq. (45) 

Nondimensional variable defined by Eq. (5) 

Momentum thickness of boundary layer when total thickness is large relative to 
tube radius 

Momentum thickness defined by Eq. (I0) 

Equivalent fiat-plate momentum thickness 

Kinematic momentum thickness, Eq. (42) 

Constant in logarithmic velocity profile 

Viscosity 

Wake variable in logarithmic velocity profile 

Density 

Density integral defined by Eq. (13) 

Shear stress at wall 
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SUBSCRIPTS 

a w  

i 

W 

l 

Adiabatic wall value 

Incompressible value 

Wall value 

Value behind expansion wave or outside of boundary layer, except 81 and 01 
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